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Symbol 


Length 


I 


Time 


t 


Force 


F 


Power... 


P 


Speed... 


V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram- 



horsepower (metric).. 
(kilometers per hour.. 
[meters per second... . 



Abbrevia- 
tion 



m 

s 

kg 



kph 

mps 



English 



Unit 



foot (or mile) 

second (or hour)... 
weight of 1 pound. 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft (or mi) 
sec (or hr) 
lb 



hp 

mph 

fps 



2. GENERAL SYMBOLS 



Weight =m^ 

Standard acceleration of gravity =9. 80665 m/s^ 
or 32.1740 ft/sec^ 

Mass= — 
g 

Moment of inertia=mP. (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 

3. AERODYNAMIC SYMBOLS 



V Kinematic viscosity 
p Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-'^-s^at 15° C 

and 760 mm; or 0.002378 Ib-ff* sec- 
Specific weight of '^standard'' air, 1.2255 kg/m^ or 
0.07651 Ib/cu ft 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio, ^ 
True air speed 
Dynamic pressi 1 1 : , > V- 

Lift, absolute coefficient ^?l=;7^ 



Dra<]:, absolute coefficient C^, 



Vi-o'U'.' drag, absoiaic coefficient C^>y^=^ 



Induced drag, absolute coefficient Gry=-^ 



Parasite drag, absolute coefficient Cn=-^ 
Cross-wind force, absolute coefficient C'c=-^ 



C 



iyj Angle of setting of wings (relative to thrust line) 
it Angle of stabilizer setting (relative to thrust 
line) 

Q Resultant moment 

Eesultant angular velocity 

R Reynolds number, p— where Z is a hnear dimen- 
sion (e. g.,for an airfoil of 1.0 ftchord, lOOmph, 
standard pressure at 15°C, the corresponding 
Reynolds number is 935, 400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

a Angle of attack 

€ Angle of downwash 

ao Angle of attack, infinite aspect ratio 

ai Angle of attack, induced 

tta Angle of attack, absolute (measured from zero- 
lift position) 
7 Flight-path angle 
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SUMMARY 

An investigation was made of an exhaust-gas turbine having 
four separate nozzle boxes each covering a 90° arc of the nozzle 
diaphragm and each connected to a pair of adjacent cylinders 
of a nine-cylinder radial engine. This type of turbine has 
been called a ^^blowdown^^ turbine because it recovers the kinetic 
energy developed in the exhaust stacks during the blowdown 
period, that is, the first part of the exhaust jyrocess when the 
piston of the reciprocating engine is nearly stationary. The 
purpose of the investigation was to determine whether the blow- 
down turbine could develop appreciable power without imposing 
any large loss in engine power arising from restriction of the 
engine exhaust by the turbine. 

The engine power was decreased a maximum of 1 percent by 
the presence of the turbine at the lowest turbine-outlet pressure 
as compared with the engine power delivered with a convenJional 
collector ring discharging to an equal exhaust j^^'^^sure. No 
engine-power loss was imposed by the presence of the turbine 
with turbine-outlet pressures greater than 20 inches of mercury 
absolute. The engine air-flow rate was not affected by the 
jjresence of the turbine. At an engine speed of 2000 rpm 
and an inlet-manifold pressure of S3. 5 inches of mercury 
absolute, the turbine power varied from 9 percent of engine 
power with a turbine-outlet pressure of 28 inches of mercury 
absolute to 21 percent of engine power with a turbine-outlet 
pressure of 7.5 inches of mercury absolute. 

INTRODUCTION 

At the time of cxhaiist-valvo opening, the pressure of the 
gas in the cyUnder of an mternal-combustion engine is con- 
sidei-ably above atmospheric pressure; the gas is therefore 
oapabk* of doing an appreciabk^ amount of work by further 
expansion. When the cylmders are exhausted to a coUector 
discharging either to the atmosphere or to the nozzk^ box of 
a conventional turbine, the kinetic energy produced at the 
end of the (^xhaust stacks by the chfFerence between cyUnckn* 



pressure and colh'ctor pressure^ is hu'g(*ly (Hssij)ate(l as heat 
in the coHector. A tiii hinc tlmt coiiNciis this kinetic energy 
into shaft work has been cahed a "l)k)sv(lown'' turbine because 
it recovers the kinetic energy developed in the exhaust stacks 
during the blowdown ])(M'io(l. 

With a suitable duct ari'angement and tui'bint^-nozzle area, 
the power delivered by the blowdown turbine may be 
obtained with little or no decrcvase in enghie power resulting 
from exhaust-stack restriction. For a given turbine-outlet 
pressure, the maximum net power of the engine and the 
blowdown turbine can be attained by so disclin iL'ing the 
exhaust gas from each cylinder as a separate jet that no 
interaction of exhaust events occurs and thus permitting 
each cylinder to exlunist to the turbine-outlet pressure. 

S(^veral satisfactory exhaust-system arrangements (wist. 
In oiu* arrangement, which would require a large total nozzle 
area and would r(*sult in an (^xcc^ssivcly large turbine size, 
each cylinder woidd be conncn'ted to a sepai'ate nozzle. The 
turbine size may be rc^duced approximately one-half at the 
cost of a slight loss in turbine power by coimecting eacli 
nozzle to two cylinders having nonoverlapping exhaust 
periods. In such an arrangement, the exhaust discharge of 
eacli ('vlinih'r would still be a s(^parate event. Paired exhaust 
slacks. liowcNcr, must be carefully designed to avoid an 
appreciable kinetic-energy loss at their juncture. 

A (l(^scri})tion is given of the residts of operation of a 
blow(U)wn turbine in which each nozzle served two cyhnders 
that have nonoverlapping exhaust-valve-opening periods. 
The object of the investigation was to determine the amount 
of power from the blowdown turbine and the ell'ect of the 
presence of the tm^bine on engine power. An analysis is 
present (m1 r(^lnting th(^ data to the mean jet-velocity data 
foi- the \ACA in(h\ id iiiil-stack jet-])r()pulsion system. The 
use of a blowxlown turbine and a conventional turbosuper- 
charger connected in series is briefly discussed. The investi- 
gation was conducted at the NACA Cleveland laboratory 
from November 194:^ through January 1944. 
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Figure 1— Diagrammatic drawing of blowdowii turbine for nine-cylinder radial engine with dynamometer load showing two of four nozzle boxes. 



APPARATUS AND METHODS 

Construction of blowdown turbine. — A diagrammatic 
drawing of tlie blowdown turbine used in the investigation 
is sliown in figure 1. The turbine wheel was a production- 
model turbosupercharger wheel of the impulse type. The 
pitch-line diameter was 11 inches; the bucket height was 1.2 
inches. Four separate nozzle boxes, each of which covered 
a 90° arc of the nozzle diaphragm, were constructed with a 
nozzle angle of 21° and an outlet area normal to the flow 
of 2.11 square inches. This outlet area was chosen by the 
methods of reference 1 as the area that would cause no loss 
in engine power for a jet-stack installation at rated operating 
conditions of the engine (2200 rpm at 34 in. Hg absolute 
with sea-level exhaust pressure). 

The exit of each nozzle box is divided into nine nozzles by 
flat vanes sufficiently long to guide the exhaust-gas flow at 
the inlet and outlet ends. 

A drawing of one of the nozzle boxes is shown in figure 2. 
Photographs of a nozzle box and of the nozzle-diaphragm 
assembly are reproduced in figure 3. The entire turbine 
was enclosed in a metal housing; the four turbine-inlet chicts 
extended through sliding glands to the outside of the housing. 
A labyrinth seal gland for the turbine shaft was provided 
around the opening between the inside of the housing and an 




Figure 2.— Arrangement of guide vanes in blowdow^n-turbine nozzle box. 
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evacuated fore chamber. Leakage of air tliroiigli this ghmd 
was reduced to a negligible amount by adjusting the pressure 
difference between the labyrinth stages to 0±0.1 millimeter 
of water by means of an air-operated jet pump in the line 
connecting the evacuated fore chamber to the laboratory 
altitude-exhaust system. 

Setup. — The blowdown turbhie was connected to eight 
of the nine cylinders of an R-1340-12 engine by means of 
four pipes having Y-shaped branches connected to adjacent 
cyUnders. The gas from the turbine discharged to the 
laboratory altitude-exhaust system. The gas from the 
ninth cylinder discharged directly to the altitude-exhaust 
system. The engine air was supplied directly from the room 
to the carburetor through a duct provided witli a measuring 
orifice. 

The turbine power was absorbed by a water-brake 
dynamometer. The turbine torque was measured by a spring 
scale; the turbine speed was measured with a condenser- 
type tachometer. The accuracy of the turbine-power 
measurements was within ±1.5 percent. The temperature 
of the gas at the turbine outlet was measured with a 
quadruple-shielded cbromel-alumel thermocouple. 

The power of the engine was absorbed by a separate water- 
brake dynamometer. Engine torque was measured with a 
balanced-diaphragm torqueineter of the type described in 
reference 2. Engine speed was measured with a magnetic- 
drag type of aircraft tachometer. Measurements of engine 
power are estimated to be accurate within ±1.5 percent. 

Engine air flow was measured by a head meter with a 
thin-plate orifice installed according to A.S.M.E. specifica- 
tions. Engine fuel flow was measured with a sharp-cdged- 
diaphragm density-compensated rotameter. Air-flow and 
fuel-flow measurements are estimated to be accurate within 
± 1 percent. Temperatures of engine air and carburetor 
air were measured with iron-constantan thermocouples, 
l^ressures at the engine inlet and the turbine outlet were 
measured with mercury manometers. Pressures in the 
air-flow metering system were measured with water mano- 
meters. 

Experimental procedure. — The runs were made at an 
engine speed of 2000 rpm. The investigation consisted 
of (a) calibrating the engine equipped with an exhaust 
collector ring and (b) measuring tlie engine power and the 
turbine power with the blowdown turbine in place. 

For the engine calibration and for the majority of the 
measurements of turbine power, the engine was operated at 
full engine throttle at an inlet-manifold pressure of approxi- 
mately :U inches of mercury absolute. In each set of measure- 
ments, the exhaust pressure (the collector pressure or the 
turbine-outlet pressure) was varied from 7.5 to 29 inches of 
mercury absolute. In the turbine-power runs the turbine 
speed was varied. 

Additional runs with the turbine were made at part engine 
tlirottle, with engine inlet-manifold pressures of 24 to 19 
inches of mercury absolute, a turbine-outlet pressure of 7.5 
inches of mercury absolute, and with variable turbine speed. 

Method of reducing data. — In an ideal turbine engine, the 
power recoverable by the turbine would be the actual kinetic 



energy of the jet, which could be described hi terms of the 
mean-square velocity V- defined by the relation 



^ ~ f.\f'lt 



(1) 



where 

instantaneous velocity 
M instantaneous rate of mass flow 
t time 

In the strictest sense the term .\/\'- should l)c used as a 

basis in defining the efficiency of the blowdown turbine. 
A i)reliminary analysis of the operation of a blowdown 
turbine, however, predicted that, when the speed of the 
turbine is considered as the only variable, the maximum 
power output of tlie turbine P,nax is given ))y tJie relation 



550 P,nax=l Mi\\~ri„ 



(2) 



.dierc 



Mt mass flow of exhaust gas to turbine, slugs per second 
T^e mean jet velocity at turbine-nozzle exit, feet per 
second, which is defined by the relation 



fVMdt 
fMdt 



(3) 



7],nai efficiency of turbine (including bucket losses but 
excluding nozzle losses) at optimum blade-to-jet 
speed ratio 

Equation (2) was obtained by assuming that the instanta- 
neous turbine-bucket efficiency is a parabolic function of the 
instantaneous blade-to-jet speed ratio and is independent of 
the Mach number. The analysis (as shown by equation 

(2)) indicates that the term \ M^F/ is a measure of the power 

available to the turbine. The conditions are almost exactly 
satisfied by single-stage impulse turbines unless the inlet 
Macli number relative to the l)uckets becomes too high, at 
which time the buckets choke and the Jnstantaneous effi- 
ciency is reduced. The mean velocity Ve has the further 
advantage as the basis for a definition of a performance 
parameter that it can be easily measurecl, as, for example, 
by means of a thrust target whereas is difficult or im- 
possible to measure. The mean efiRciency r)t of the blow- 
down turbine with any operating conditions has therefore 
been defined as tlu^ ratio of the turbine-i)ower output Pt to 
tlie available po\\(^j' by iueans of tJ)e equation 



- _110() Pi 



(4) 



Because the turbuie was connected to eight of tlie nine 
cylinders of the test engine, the mass flow of gas through the 
turbine Mt was therefore assumed to be eight-ninths of the 
total mass flow of exhaust gas M^. 

In the absence of mean-jet-velocity data for the R-1340-12 
engine, the value of was ('()m])iite(l lor an R 1 820-G single- 
cylinder engine with a l^Vincli straight stack (fig. 10 of 
reference 1) as a function of PeA/Mt where Pe is the turbine- 
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outlet pressure in pounds per square foot and A is the effective 
nozzle area in square feet. The effective nozzle area to be 
used for calculatinp: peA/Mf for branched stacks is deter- 
mined by multiplying the area per stack by the number of 
cylinders connected to the turbine. The effective nozzle 
area of the stacks used was 16.88 square inches. 

RESULTS AND DISCUSSION 
Eflfect of turbine on engine power. — The power delivered 
by the engine discharging its exhaust to a standard collector 
I'ing and the power delivered by the engine discharging its 
exhaust to the blowdown turbine are shown in figure 4 
together with the maximum turbine power, wliich was 
obtained at the optimum permissible turbine speed. 
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FiGLKE 4.— Power output of ciijiiuo and blowdown turbine. Engine speed, 2000 rpm. 
Data corrected to carburetor-air temperature of 90'^ F and inlet-manifold pressure of 33.5 
inches of mercury absolute. 

The power-output data for the engine and the turbine 
shown in figure 4 were corrected for small variations in the 
opei'ating variables to constant carburetor-air temperature 
and engine inlet-manifold pressure. Engine power and mass 
flow of combustion air were assumed to vary inversely as 
the square root of the absolute carburetor-air temperature 
and directly as the first poww of the inlet-manifold pressure. 
At the lowest turbine-outlet pressure, the power of the engine 
exhausting to the blowdown turbine was slightly smaller 
(1 percent) than the power of the engine discharging to a 
standard collector at a pressure equal to the turbine-outlet 
pressure. As the exhaust pressure increased, the power loss 
with the turbine operating decreased. For exhaust pressures 
greater than 20 inches of mercury absolute there was no 
measurable power loss. No measurable change in engine- 
air weight flow was caused by the presence of the turbine. 
The engine power shown in figure 4 was obtained with the 
carburetor air supplied directly from the room. The pres- 
sure drop through the air-measuring orifice and the duct 
was 3 inches of mercury and the carburetor pressure was 
26 inches of mercury absolute. In order to determine the 



net power at altitude, it is necessary to subtract the super- 
charger power required to obtain a carburetor-inlet pressure 
of 26 inches of mercury. Because this power would be the 
same for the two cases in figure 4 at any given exhaust- 
outlet pressure, it does not affect the comparison, which 
reveals the negligible effect of the presence of the turbine 
on the engine powder. 

With respect to its efl'ect on engine power, the blowdown 
turbine is similar to the Biichi exhaust-gas turbine (reference 
3). In both systems the exhaust duct is arranged to avoid 
producing back pressure on the cylinders toward the end of 
the exhaust stroke and particularly during the valve over- 
lap or scavenging period. No attempt was made in the 
blowdown turbine to provide a resonant or tuned exhaust- 
stack system sometimes mentioned in connection with the 
Biichi system. 

References 1 and 4 showed that the efl'ect of an exhaust 
restriction on engine power is determined by the value of 
the ratio VdnlA where Va is the displacement volume in cubic 
feet and n is the engine speed in revolutions per second. 
For this turbine the effective nozzle area was 0.132 square 
foot (for nine cylinders). At an engine speed of 2000 rpm 
the value of VanjA was therefore 196 feet per second. A loss 
in engine power from 2 to 3 percent was expected at the low- 
est exhaust pressure for this value of VdUfA. (See reference 
4.) Because the loss was less than predicted, it must be 
concluded either that the R-1340-12 engine is slightly less 
sensitive to exhaust-pipe restriction than the R-1820-G 
engine used in references 1 and 4 or that the blowdown turbine 
exerts a favorable suction effect during the last part of the 
exhaust stroke when the velocity of flow through the exhaust 
system is small. 

Turbine power output and speed characteristics. — The 
turbine i)ower output (fig. 4), using the exhaust gas from 
eight of the nine cylinders, varied from about 9 percent of 
engine power at a turbine-outlet pressure of 28 inche's of 
mercury absolute to about 21 percent of engine power at 
7.5 inches of mercury absolute. The turbine data in this 
figure were corrected to a carburetor-air temperature of 90° F 
and an engine inlet-manifold pressure of 33.5 inches of 
mercury absolute by a method derived from the analysis of 
reference 1. Figure 4 also shows the turbine power that 
would be expected had all the gas from the engine passed 
through the turbine, based on the assumption that for use 
of all the exhaust gas the turbine power would have been 
one-eighth greater than the measured power. 

At the lowest turbine-outlet pressures the turbine speed 
was Hmited to the rated speed of 21,300 rpm. A larger 
power output could have been obtained at a higher turbine 
speed. 

The ratio of maximum turbine power output to engine 
power output at constant engine speed increases with a 
decrease in the exhaust pressure. Consideration of dynamic 
similarity indicates that at constant engine speed the ratio 
of turbine to engine power is a function of the ratio of 
exhaust to inlet-manifold pressures Pe/Pm- 

At the higher exhaust pressures the blowdown turbine 
imposed no loss in engine power (fig. 4). At a given set of 
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engine conditions, the mean jet velocity from a single exhaust 
stack or a branched exhaust stack increases when the exit 
area is reduced. (See references 1 and 4.) A greater total 
power output could therefore be obtained from the turbine 
and the engine by the use of nozzles small enough to produce 
a small loss in engine power. 

The variation of turbine power output with turbine speed 
for constant engine power output is shown in figure 5. 




10,000 
Turbine speed , rpr 



20, 000 



Figure 5.— Variation of turbine power with turbine speed. Engine speed, 2000 rpni; 

full throttle. 

These curves are similar in shape to the power-speed curves - 
of single-stage steady-flow impulse turbines. The blowdown- 
turbine power output is nearly independent of speed near 
the maximum power output. A deviation in speed of 10 
percent from the optimum speed reduces the power output 
only approximately 1 percent. 

At the lowest turbine-outlet pressure, the maximum tur- 
bine power output varied between runs through a range of 
about 9 percent of the turbine power. During the operation 
of the turbine, the seals around the four intake pipes de- 
veloped leaks and were replaced several times. As the leaks 
develo])e(l, the turbine power generally decreased. It was also 
found that the clearance between the turbine wheel and the 
nozzle box could not be maintained at a constant value. A 
combination of these factors is believed to have caused the 
variation in maximum turbine power among the three runs 
at the exhaust pressure of approximately 7.5 inches of 
mercury absolute. 

Mean turbine efficiency. — The variation of the mean 
efhciency rit of the blowdown turbine, defined by equation 
(4), with the ratio of blade speed to mean jet speed is shown 
in figure 6. The maximum turbine efficiency, which is 
obtained at a turbine pitch-line velocity of approximately 
Q.We , is approximately 72 percent. This efficiency corre- 
s])on(ls to a work recovery by the blowdown turbine approxi- 
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Figure G.— Variation of mean turbine efTidency with ratio of blade speed to mean jet speed. 
Engine speed, 2000 rpm; full throttle. 

mately e((ual to 30 percent of the work tliat is theoretically 
available in the expansion of the exhaust gas from its pressure 
in the cylinder at the time of exhaust-valve opening to the 
prevailing discharge pressure. 

For the lower turbine-outlet pressures, the mean efficiency 
decreases as the exhaust pressure decreases. With a turbine- 
outlet pressure of 7.5 inches of mercury absolute, the instan- 
taneous peak value of the ratio of the impact pressure in 
the nozzle to the turbine-outlet pressure may be as great 
as 7 or 8. (See fig. 12 (b) of reference 1.) As determined 
by steady-flow measurements the pressure ratio for the 
greatest efficiency of the experimental turbine wheel is 
appreciably lower than 7. For pressure ratios lower than 
that for the greatest efficiency, the bucket efficiency is 
nearly constant but, for greater pressure ratios, it decreases 
appreciably. A mean turbine efficiency is therefore expected 
to decrease at low turbine-outlet pressures. 

The value of Ve used for th(^ ('om])utation of the mean 
turbiiK^ efficiency was that nK^asuriHl for a 25-inch straight 
stack. (S(>(' fig. 10 of refercucc 1.) A previous investiga- 
tion with an (exhaust stack having a side branch had shown 
that with restricted nozzles on the ends of the stacks the 
mean jet velocity Ve was smaller than the velocity for a 
stiaigiil stack or a curved stack. (See fig. 4 of reference 4.) 
The diagram efficiency of the turbine, excluding all losses, is 
86 percent and it had been expected that peak mean effi- 
ciency of the blowdown turbine would be about 80 percent. 
The use of the bj-aiiclKMl-stack jet-velocity data to compute 
mean turbine efficiency gave mean turbine efficiencies 
gi(^atcr than 90 percent. Th(» mean jet velocity for the 
stack arrangement used in the blowdown turbine is there- 
fore probably greater than the velocity for the branched 
stack reported in reference 4 but may be less than that for 
a straight stack. 
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The variation of the inaxiiiiuin mean turbine elliciency is 
shown in figure 7 as a function of the jet-velocity parameter 
PeA/M(. The correlation is satisfactory except for the low- 
est exhaust pressures (low pcAjMi). (See the previous dis- 
cussion of the effects of leakage and variation in wheel 
clearance in connection witli fig. 5.) 



The efficiency data obtained at part engine throttle fall 
below the full-throttle curve. In the initial calculations no 
allowance was made for effect of variations in exhaust-gas 
temperature on the mean jet velocity. When the turbine 
data are corrected for the variation of turbine-inlet gas 
temperature with engine power, turbine data obtained at 
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Figure 7.— Variation of maximum mean turbine efficiency with jet-veiocily ])arameter 7>*A/A/<. 
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Figure 8.— Variation of maximum turbine work output per pound of exhaust gas and 
optimum turbine speed with jet-velocity parameter PeAIMt. Engine speed, 2000 
rpm. 



part engine throttle* and the data obtained at full engine 
throttle are in good agreement. The details of these correc- 
tions are describcnl in tlu* appendix. 

The maximum turbine work output per pound of exhaust 
gas and the estimated optimiun turbine pitch-line velocity 
is shown in figure 8 as a function of peA/Mt. At the lowest 
values of peA/Mt, the turbine power is that obtained at 
rated tin-bine speed (21,300 rpm) rather than at the optimiun 
speed. The turbine-power data obtained with full-open 
engine throttle form a smooth curve exct^pt for the two 
points at the* lowest value of p,A/M(. 

Effect of blowdown turbine on exhaust-gas tempera- 
tures. — The variation of the exhaust-gas temperature at the 
turbine outlet with turbine power for an exhaust pressure of 
7.5 inches of mercuiy absolute is shown in figure 9. The 
t(*mp(M-ature measured with a quadruph^-shielded thermo- 
couple was assumed to be the total turbine (\\haust-gas tem- 
perature. The mean total gas temperature at the turbine 
inlet was computed by adding to the measured turbine-outlet 
tempcM-ature the tempc^raturc* difTerence corresponding to the 
work per pound of gas removed by the turbine. The com- 
puted total inlet temperature was not quite constant, 
apparently varying with small variations of tlu^ fuel-air 
ratio. The effect of fuel-air ratio on total temjXM-aturc* at the 
turbine inlet is included in figure 9. 

The effect of engine power on the total turl)ine-inlet gas 
temperature at a fuel-air ratio of 0.075 is shown in figure 10, 
The exhaust-gas tc^npcM'ature increase*? with engine pow(*r 
because the heat rejection per pound of exhaust gas from the 
engine and its exhaust piping to the cooling air is greater at 
low engine power. The correction of the turbine data ob- 
tained with the engine operating at part throttle to the basis 
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Figure 9.— Variation of exhaiist-Ras toinporature with turbine work and fuol-air ratio. 
Average engine power, 513 horsepower; engine speed, 200() rpni; exhaust pressure, 7.5 inches 
of mercury absolute. 
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Figure 10.— Effect of engine jwwer on exhaust-gas temperature. 

rpnr fuel-air ratio, 0.075. 



Engine speed, ixm 



of coustaut mean oxhaust-gas total t(»niprratur(' was made 
from thrs(* data. 

Condition of blowdown turbine after tests. — The blow- 
down turbine was operated for a total time of approximately 
24 hours. Although a small stretching of the buckets 
occurred, the stretching was less than that normally expe- 
rienced in conventional exhaust-gas turbine operation with 
the same inlet-gas temperature. One bucket s1io\\(m1 a 
deformation of the shroud due either to bucket vibration or 
to initial bending stresses. 

The turbine buckets apparently ran (piite cool, as suggested 
by the appreciable lead deposits found on the exit side of the 
buckets (fig. 11). Cool running of tlie buckets w^as expected 
because the buckets are exposed to the hottest exhaust gas 
for a short time and to the coolest exhaust gas for a relatively 
long time. These lead deposits also serve as an index of flow 
conditions because solid particles tend to accumulate iu 
regions of separation of flow. 

Numerous small local defonuations of the leading edges of 



the buckets (fig. 12) and trailing edges of the nozzle-box 
guide vanes (figs. W (b) and 13) were noted. These deforma- 
tions apparently resulted from the action of large solid par- 
ticles in the gas stream. The wheel-nozzle clearance was 
originally set at 0.1 1 inch but owing to warping the clearance 
was not maintained. Actual contact of the wheel and one 
nozzle occurred at one time duiiuu operation, as shown by 
polished spots on the buckets and the nozzles. The deforma- 
tion of nozzles caused by thermal expansion is a s(Mi()n^ 
problem because each nozzle must be connected to a sci)araic 
set of exhaust ])i])cs. 




i> A A A A 



The leading edges of the buckets were rounded or eroded 
more than in previous tests with the same type wheel at 
a])j)roximately the same total turbine-inlet exhaust-gas 
temperature with steady flow. This rounding could have 
been caused by mechanical erosion, by solid particles in the 
gas stream, or, as seems more likely, by thermal erosion 
caused by the extremely rapid alternate heating and cooling 
of the bucket leading edges. The flow in a blowdown turbine 
is similar to that in a TTolzwarth explosion turbine; the 
problems arising from blade vibration and thermal erosion 
due to the rapidly varying gas temperatures are therefore 
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Figure 12.— Erosion and bonding of leading edges of buckets. 



similar. (See reference 5.) Thermal erosion can he rechiced 
by using buckets with slightly rounded noses to increase the 
ratio of internal heat-transfer area to external heat-transfer 
area. 

The total damage to the tiirl)ino was not serious. 

Gain in performance with use of blowdown turbine. — l^re- 
hminary calculations indicate that the greatest net power 
output can be obtained in a composite engine using a blow- 
down turbine when the blowdown turbine is used as a first 
stage of expansion and is followed by a steady-flow device in 
which further expansion of the exhaust gas is obtaiiuMl. 

The order of magnitude of the gain in net power ()ut|)ut 
and in economy may be indicated by the following (hscussion 
of the use of a blowdown turbine in series with a conventional 
turbosupercharger. 

The carburetor-inlet pressure for these tests averaged 26 
inches of mercury absolute. This pressure could be provided 
at high altitude by passing the gas from the blowdown tur- 
bine to a conventional turbosupercharger of proper size 
operating at a nozzle-})()x pressure of approximately 26 inches 
of mercury absolute. The blowdown-turbine power output 
with a discharge pressure of 26 inches of mercury absolute 
on the basis of utilizing all the exhaust gas would amount to 
11 percent of engine power. It is evident therefore that, even 
in a power plant equipped with a turbosupercliarger, an 
appreciable gain in power and economy can be obtained by 



installing a blowdown turbine between the engine and the 
turbosupercharger. 

When the blowdown turbine and a conventional turbo- 
supercharger are used in series, the blowdown turbine may 
be geared to the engine. Aircraft engines are o])erated at 
high speed for emergcncv power output and at successively 
reduced speeds for rated-power and cruising-power operation. 
With approximately constant blowdown-turbine exhaust 
pressure, the nozzle-jet velocity decreases approximately in 
the same proportion as the engine speed. A l)h)W(h)wn tiu- 
bine geared to the engine crankshaft with a fixed-ratio gear 
ti'ain will therefore operate at nearly optimum speed for each 
engine power output. 

It is noted that the speed of the turbine for the maximum 
output with an exhaust pressure of 26 indues of nuM'cury 
a))solute and an inh^-manifold pressure of 33.5 inches of 
mercury absolute is approximately 1(),000 rpm. (See 
fig. 7.) This speed is about 75 p(M'C(Mit of tlu^ rated tui'bine 
speed: hence, the cent ril'ugal sli-ess in the buckets is only 
56 percent of tlu^ c(Mitrifugal stress at rated s])e(Ml. If the 
inlet-manifold ])i-essui"(^ wrvo increased to 52 inclu^s of nuM- 
cury absolute with the exhaust j)r(^ssure of 26 inches of 
niercury absolute*, the optimum turbine sj)ee(l would be 
a|)proximately the ratcnl spcnnl. 




Fkjl-ke 13.— Damage to tin i liaphragm. 
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The use of a blowdown turbine as part of a turbosuper- 
charged engine is only one of a number of possible applica- 
tions of the blowdown turbine; further study is required to 
determine the most advantageous application. 

CONCLUSIONS 

The results of an investigation of a blowdown turbine 
having four nozzle boxes with an outlet area of 2.11 square 
inches per nozzle box, each connected to an adjacent pair 
of eight of the nine cylinders of the engine, showed tliiU at an 
engine speed of 2000 rpm and at an inlet-manifold pressure 
of 33.5 inches of mercury absolute: 

1. The engine power was decreased a maximum of 1 per- 
cent by the presence of the turbine as compared with the 
conventional exhaust collector ring discharging to an equal 
pressure. No engine power loss was hnposed by the presence 



of the turbine with turbine-outlet pressures greater than 20 
inches of mercury absolute. 

2. The blowdown turbine developed a power equal to 
9 percent of the engine power with a turbinc^-outlet ])ressure 
of 28 inches of mercuiy absolute and 21 percent of engine 
power with a tur])iiie-outlet pressure of 7.5 inches of mercury 
absolute. 

3. After a total operating time of 24 hours no evidence of 
failure from bucket vibration was observed. Some evidence 
of erosion of the leading edges of the buckets was noted. 



Aircraft Engine Research Laboratory, 

Natioxal Advisory Committee for Aeronautics, 
Cleveland, Ohio, December i, 1944- 



APPENDIX 



CORRECTION OF BLOW DOWN-TURBINE POWER FOR 

The mean turbine efficiency rjt has been dc^fined ])y the 
equation 

1 1 nn /-» 

(4) 



^ 1100 Pt 



where the mean jet velocity Ve is a function of the parameter 
PeA/Mt. The results of the present investigation showed 
that the maximum values of rjt were sufficiently independent 
of the value of PeA/Mt within the range of variation required 
for small corrections that equation (4) may be used to predict 
the effect of changes in operating conditions on turbine 
power. 

The data on turbine power output (shown in fig. 4) were 
corrected to the basis of constant carburetor-air tem])erature 
and constant inlet-manifold pressure l)y use of the following 
steps: 

(a) The computation of corrected engine-air and 

exhaust-gas mass flows 

(b) The computation of rn from e(iuatk)n (4) using the 

uncorrected mass flow Mt and Ve from figure 10 
of reference 1 

(c) The computation of (Mt)corr fi'oin th(^ (^luation 



{Mt)corr = Mt 



{Me)c 



Me 



where Me is the total mass of engine exhaust gas 

(d) The computation of {Ve)corr fi'om figure 10 of refer- 

ence 1 using the corrected turbine exhaust-gas flow 

(e) The computation of {Pdcorr fi'om an invert(Ml form of 

equation (4) 



corr '/ 1 

1100 



(5) 



The turbine data obtained with the engine operating at 
part throttle in figures 7 and 8 have been corrected to the 



variations in engine operating conditions 

basis of full-throttl(* exhaust-gas temperature by the following 
method: 

The theory of exhaust stacks developed in reference 1 
shows that the mean jet velocity Ve is a function of the gas 
temperature and the parameter peAjMt. The mean jet 
velocity decreases with a decrease in temperature for con- 
stant PeAjMt. In the application of a correction to the tur- 
bine output and the efTiciency for variations in temperature, 
Ve was assumed to vary with tempcMature according to the 
relation 



Ve VeAIMt\ 



(6) 



where 

Re gas constant of exhaust gas foi' actual fiicl-air ratio 
Te mean exhaust-gas temperature, °R 

The relation expressed in equation (0) was infcri'cMl from 
eciuation (15) of reference 1. 

The following steps were involved in the corr(H*tion of 
turbine efficiency: 

(a) The computation of PeAjMi and detcM-mination of 

Ve from figure 10 of reference 1 

(b) The computation of (/;«A/MOc.rr fi'oin the ctiiiation 



^VcA jRsTs 

\Mt)corr Mt\R^Te 



where 

T, mean exhaust temperature to wiru'h basic data are 

being corrected, °R 
R, corresponding gas constant __ 

(c) The c()nii)utation of jet velocity V/ from figure 10 

of rciVrciice 1 corresponding to {peA/Mt)corr 

(d) The solution of 



{Ve)c 



vJ^ 
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If tlio fuel-air ratio is a constant, 11^= and tiie correction 
may be based solely on temperature ; otherwise the variation 
in fuel-air ratio should he included. 

(e) The computation of corrected elliciency (jjt)coTT from 
the equation 



The turbine power and the pitch-line velocity were cor- 
rected to the conditions corresponding to (peA/Mt)corr for 
which the mean jet velocity is V/. The following steps were 
involved in the correction of turbine power: 

(a) The computation of {Pt)corr from the equation 



(b) The computation of corrected pitch-line velocity 
{u)corr fi'om the equation 



{u)corT = U-==-^ 



{Ve)c 



where u is the turbine pitch-line velocity, feet per second. 

REFERENCES 

1. Pinkel, Benjamin, Turner, L. Richard, and Voss, Fred: Design of 

Nozzles for the Individual Cylinder Exhaust Jet Propulsion 
System. NACA ACR, April 1941. 

2. Moore, Charles S., Biermann, Arnold E., and Voss, Fred: The 

NACA Balanced-Diaphragm Dynamometer-Torque Indicator. 
NACA RB No. 4C28, 1944. 

3. Biichi, Alfred J.: Supercharging of Internal-Combustion Engines 

with Blowers Driven by Exhaust-Gas Turbines. A. S. M. E. 
Trans., OGP-59-2, vol. 59, no. 2, Feb. 1937, pp. 85-96. 

4. Turner, L. Richard, and Humble, Leroy V.: The Effect of Exhaust- 

Stack Shape on the Design and Performance of the Individual 
Cylinder Exhaust-Gas Jet-Propulsion System. NACA ARR, 
Nov. 1942. 

5. Stodola, A.: Steam and Gas Turbines. Vol. II. McGraw-Hill 

Book Co., Inc., 1927, pp. 1177-1217. (Reprinted, Peter Smith 
(New York), 1945.) 



U. S. GOVERNMENT PRINTING OFFICE: 1947 



z 

Positive directions of axes and angles (forces and moments) are shown b}^ arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 


X 
Y 
Z 


X 
Y 
Z 


Rolling 


L 
M 
N 


Y >Z 

z — >x 


Roll.... 


<p 

e 


u 

V 

w 


V 

r 


Lateral _ 


Pitching. 


Pitch. 


Normal __. 


Yawing 


X >Y 


Yaw 









Absolute coefficients of moment 
(rolling) (pitching) 



(yawing) 



D 

V 

p/D 

V 

V, 

T 

Q 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coeflScient Ct= 



Angle of set of control surface (relative to neutral 
position), 8. (Indicate surface by proper subscript.) 



PROPELLER SYMBOLS 

. P Power, absolute coefficient Cp 



Torque, absolute coefficient Cq^ 



Q 



Cs Speed-power coefficient ^^-^/^^ 
rj Efficiency 

n Revolutions per second, rps 

(V \ 



1 hp=.76.04 kg-m/s-550 ft-lb/sec 
1 metric horsepower =0.9863 hp 
1 mph= 0.4470 mps 
1 mps=2.2369 mph 



5. NUMERICAL RELATIONS 

1 lb = 0.4536 kor 



1 kg=2.2046 lb 

1 mi= 1,609.35 m=5,280 ft 

1 m = 3.2808 ft 



